This paper presents the reanalysis of the PROFIL and TRAPU irradiation experiments, performed at the French fast reactor PHENIX, using new detailed information and a sophisticated calculational strategy. The analysis used the cross-section data coming from five different data files: JEF2.2, JEF3.0, ENDF/B-V, ENDF/B-VI, and a preliminary version of ENDF/B-VII. The observed discrepancies between calculations and experiments have been subsequently used for a four energy band preliminary adjustment that has indicated trends for future improvements of minor actinide cross sections.
INTRODUCTION
The advanced nuclear systems and associated fuel cycles will need good quality cross-section data to provide a reliable assessment of their performance. Basic data are available for transuranics (TRU) isotopes (up to Cf) but a validation is needed in order to quantify their reliability. This is traditionally done through the use of differential and integral experiments, and uncertainty assessment. Integral experiments in reactors play an essential role in nuclear data validation and improvements. The information that can be gathered on Minor Actinides (MA) from experiments comes mostly from small sample irradiation, reactivity oscillation, and fission and capture rates measurements. Separate isotope sample and fuel pin irradiation in power reactors provides a unique source of very useful measurements.
Of the irradiation experiments available, the PROFIL and TRAPU programs [1] performed at the CEA French fast reactor PHENIX, are among the cleanest and most useful. In previous years we have provided preliminary analyses of these experiments [2, 3] , which were based on incomplete information relative only to the configuration of the first cycle of the PHENIX reactor.
New detailed information has become available at the end of 2003. This includes: fine description and device location inside the subassembly, power and configuration history for the different cycles of irradiation, and three-dimensional modeling. With these new details a reanalysis has been performed with very sophisticated methodology including: threedimensional hexagonal geometry burnup transport calculation, collision probability calculation of subassembly with explicit representation of pins, experimental device, hexagonal tube etc.
In the following we give the detailed reanalysis of the PROFIL-1, PROFIL-2, and TRAPU irradiation experiments along with a preliminary adjustment that uses the observed C/E in order to provide indications of trends for improved cross-section evaluation.
PROFIL AND TRAPU EXPERIMENTS
During the PROFIL-1 and 2 experiment, pins containing samples of pure isotopes, including fission products, and major and minor actinides (uranium, neptunium, plutonium, and americium isotopes) were irradiated in the PHENIX fast reactor for several cycles. The experimental pins were located in the central and second row of subassemblies of the core, far away from neutronic perturbations allowing clear irradiation conditions. For the analysis of the irradiated samples, mass spectroscopy was then used, with simple or double isotopic dilution and wellcharacterized tracers to measure concentrations. The experimental uncertainty obtained with this method was relatively small (maximum of 3%).
The TRAPU experiment consisted of a six-cycle irradiation of mixed-oxide pins that contained three types of different plutonium isotopic compositions but heavily charged in the higher isotopes (Pu240, Pu241, and Pu242) compared to typical PHENIX fuel. Standard pins were placed in regular PHENIX subassemblies located in the third row of the reactor.
After irradiation, small samples (20 mm high) were cut from the experimental pins (both fuel and clad) and put into a solution in order to determine the fuel composition by nuclide. Neodymium-148 was used as burnup indicator since it is a stable fission product with a small capture cross section, and it enables determination of the number of fission reactions that have taken place in the sample.
EXPERIMENTAL RESULTS ANALYSIS
In order to analyze the experiments, cross sections in a 33-group energy structure were generated using the ECCO cell code (with JEF2.2, JEF3.0, ENDF/B-V, ENDF/B-VI, and a preliminary version of ENDF/B-VII files, which contained only uranium isotopes, Np237 and Pu239, data) with a fine description of the experimental subassembly. Threedimensional transport calculations have been carried out for computing the fluxes at the position of the irradiated pins/samples. With these fluxes, one-group cross sections have been generated by condensing the 33-group structure cross sections coming from the cell calculation.
In order to correctly normalize the results to the actual value of the flux (and hence eliminate the uncertainty in the total burnup), the production of Nd in the U235 samples has been calculated and compared with the correspondent experimental value. Correcting factors have been obtained and applied to the values of the fluxes used in the time-dependent calculations. Time-dependent calculations were subsequently performed with the NUTS code [6] in order to obtain isotope concentrations at the end of irradiation.
The resulting C/E values are shown in Tables 1 through 3. The depletion decay chain used as branching ratio for the Am241 capture 85% to Am242 (and 15% for Am242m) and 83% to Cm242 and 17% to Pu242 for the β decay of Am242. These values were found to produce the most consistent C/E values.
For PROFIL-1, in the case of the JEF2.2 file, we observe large discrepancies for the capture cross sections of Pu240, Pu241, and Pu242 for the (n,2n) cross sections of U235 and Pu239. We also note the poor performance of the ENDF/B-VI library for the capture cross section of Pu238, Pu241, Am241, and Am243. The JEF3.0 results show a large improvement, with respect to JEF2.2 data, for the capture cross sections of Pu240 and Pu241, and for the (n, 2n) cross section of Pu239. A similar improvement is observed for the ENDF/B-VII U235 capture cross section.
For PROFIL-2, we will observe that in general there is good consistency, within the experimental uncertainties, with the discrepancies between calculations and experiments already observed in the analysis of the PROFIL-1 irradiation experiment. The only new cross section added is the capture of Np237, which shows an undervaluation of 5% for the JEF data, 7% for the ENDF/B-VI data, and 6% for the preliminary ENDF/B-VII data. For TRAPU (only TRAPU-II results are shown), the JEF2.2 C/E values are in general agreement with the previous analyses [1, 4] . Np237 shows a large discrepancy, an underestimation of the order of 20%, with some improvement for the ENDF/B-VII result. For this latter data set, the U236 C/E confirms the improvement on the U235 capture cross section. The ENDF/B results show a systematic underestimation for higher actinide isotopes such as Am242, Am243, Cm242, Cm243, and Cm244. In the case of Cm243 the underestimation is quite large, reaching a value of almost 60%. We note that in the preliminary version of the ENDF/B-VII no files were available for the americium and curium isotopes.
PRELIMINARY ADJUSTMENT
A preliminary adjustment on JEF2.2 data was performed using the experimental results of the PROFIL-1, -2, and TRAPU irradiation programs. Sensitivity coefficients were calculated for the PROFIL-1 and -2 experiments in addition to those of the TRAPU program. In the adjustment we have included constraints on conserving the critical mass of the reference configuration (a clean, fast spectrum, MOX fuelled core) of the MUSE-4 [5] experimental program, and those of GODIVA, and JEZEBEL with different Pu isotopic vectors [7] [8] [9] This was done in order to assure consistency, and avoid unrealistic K eff variations. In a full-scale adjustment many other parameters would be considered (for instance structural material cross sections for the MUSE-4 critical mass), which would affect the K eff sensitivity.
Moreover, the recent LANL neptunium sphere assembly [10] was included because of the relevance of this experiment to the Np237 cross sections. For the same reasons, results relative to the Np237 fission rate spectral index measured in GODIVA and the two JEZEBEL criticals were included. We will notice that for Np237, besides the capture and fission cross sections, because of the large sensitivity in the neptunium sphere, we have to consider in the adjustment also the inelastic cross section and the number of neutrons emitted per fission ν. The C/E used is the one for the JEF2.2 data provided in [10] .
In [3] we concluded that for many actinides there was not sufficient sensitivity for fission cross sections in the PROFIL and TRAPU experiments. Since during the MUSE-4 campaign very clean measurements (central locations) of fission rate spectral indices (relative to U235 fission) were performed, we were able also to include C/E values (and associated sensitivities) for the following isotopes: U238, Np237, Pu238, Pu240, Pu241, Pu242, Am241, and Am243.
The other major assumptions and constraints are summarized below.
For the TRAPU experiment, only one C/E for each final density of actinide isotope was used for a total of thirteen experiments, selecting the ones with the largest sensitivities. U234 and U235 final densities were discarded because of the low sensitivities. The total number of experiments, including critical masses and fission spectral indices, used in the final adjustment was 41.
A statistical adjustment (more data to be adjusted than experimental data) based on the Lagrange multiplier method [11] , which minimizes the variation of nuclear data to be adjusted, has been used.
Fifty-seven nuclear data were selected for adjustments based on their contributions in terms of sensitivity. The criterion used for the selection was that the change of 100% of the nuclear data should induce at least 10% of change on the final concentration of the measured isotope.
The dispersion matrix (variances on cross sections) normally associated with the JEF2.2 data was adopted.
The residual from the adjustment (χ 2 test) was found to be about 30. This indicates a very consistent adjustment because the residual is smaller than the total number of parameters to be adjusted (degrees of freedom).
In Table 4 we show the values of adjustment (cross-section variation in %) for the different JEF2.2 cross sections compared with the differences (in %) of the JEF3.0 and ENDFB-VII data (where available) with respect to the corresponding JEF2.2 values.
The major observed trends are summarized below.
For U235, the adjustment for the capture cross section shows a significant increase, which for JEF3.0 and ENDF/B-VII is concentrated in the last band of energy, while the adjustment indicates a more widespread variation.
The U238 (n,2n) cross section needs to be increased by a large amount (of the order of 30%). This trend is confirmed by the JEF3.0 and ENDF/B-VII values.
For Np237, the adjustment indicates an increase of the capture cross section, which is not present in the two new data files except for the ENDF/B-VII value in the last energy band. Regarding the product νσ f , the adjustment and the new files indicate an increase. However, in the case of the new files there is an increase of both ν and σ f while in the adjustment a larger increase for the σ f is suggested. The difference comes from the fact that the adjustment takes into account the information coming from both the critical mass of the neptunium sphere and the Np237 fission rate spectral indices of MUSE-4, GODIVA, and JEZEBEL. Agreement was found for increasing the value of the inelastic cross section.
For Pu238 capture and fission cross sections, the indications are contradictory between the adjustment and the JEF3.0 data. This point should be further explored.
For Pu239, the (n,2n) cross section needs to be increased by a large amount in agreement with the JEF3.0 data. This is not the case for the ENDF/B-VII data. The large discrepancy between JEF3.0 and ENDF/B-VII in the second band energy of the capture cross section is to be noticed, where the adjustment is, on the contrary, negligible.
For Pu240 the increase in the capture and the decrease in the fission cross section are confirmed by the JEF3.0 values in all bands of energy.
For Pu241, again agreement is found between the adjustment and JEF3.0. A drastic reduction of the capture cross section is suggested except in the last band of energy, where, however, the sensitivity of the experiments is relatively low.
For Pu242, the adjustment suggests a decrease for the capture cross section in the second and third band of energy, while the value of JEF3.0 is decreased only in the fourth energy band. The disagreement for the fission cross-section trends, as given by the adjustment and the JEF3.0, is probably not significant in view of the residual uncertainty. KeV
For Am241, an average 5% reduction of the capture and fission cross section was found by the adjustment, while smaller changes are present in JEF3.0 with respect to JEF2.0. However, the JEF3.0 evaluation is still to be finalized.
For Am243, the reduction of the capture cross section suggested by the adjustment is partially confirmed by the JEF3.0 data. The moderate reduction of the fission cross section in the adjustment does not show up in the JEF3.0 data.
Finally, for the Cm242, the large correction on the capture cross section suggested by the adjustment does not yield a match in the values of JEF3.0, which has a large variation but with opposite sign in the last energy band. This point should be further explored.
CONCLUSIONS
In this report we have presented a reanalysis of the PROFIL and TRAPU irradiation experiments performed at the French fast reactor PHENIX, using new detailed information recently made available and a sophisticated calculational strategy. The reanalysis used the cross-section data coming from five different data files: JEF2.2, JEF3.0, ENDF/B-V, ENDF/B-VI, and a preliminary version of ENDF/B-VII, where only uranium isotopes Np237 and Pu239 were available. The PROFIL-1 results have indicated some large discrepancies in JEF2.2 for some Pu isotopes that in some cases (e.g., Pu240, and Pu241 capture cross sections) have been improved by the JEF3.0 data. The ENDF/B-VI data files show a poor performance for the capture cross sections of Pu238, Pu241, Am241, and Am243, while ENDF/B-VII indicated an improvement for the U235 capture cross section. The PROFIL-2 analysis largely confirmed the PROFIL-1 results with remarkable consistency.
For the TRAPU analysis, the observed C/E values on the final densities of the measured isotopes for the different basic data files have indicated some large discrepancies. A subsequent sensitivity analysis has attributed these discrepancies to specific cross sections of actinides. This is the case, for instance, of discrepancies that can be attributed to the U238 (n,2n), capture cross sections of higher plutonium isotopes -Am241, Am243, and Cm242 capture cross sections.
Finally very useful information has been gained by performing a preliminary adjustment over a four energy band structure on the JEF2.2 data. The C/E values of the irradiation experiments have been complemented by fission rate spectral indices of heavy isotopes and critical masses involving minor actinides such as the LANL neptunium sphere. The trends indicated by the adjustment have been compared against the most recent evaluations of JEF3.0 and ENDF/B-VII, where available. In some cases, consistency has been found (e.g., U238 and PU239 (n,2n), Pu240 and Pu241 capture), while in others, in particular Pu238 and Cm242, the need for further studies has been indicated .
For the future, enlarging the integral data base by including more integral experiments, extending the energy domain to epithermal and thermal regions, increasing the number of energy groups, and taking into account isotopes other than minor actinides should facilitate the data adjustment procedure in order to give a more comprehensive and detailed picture of the improvements needed and suggested trends in the nuclear cross-section evaluations.
